Proton and carbon-13 NMR studies in solution and carbon-13 CP-MAS NMR in the solid state of a polymorphic azo dye derived from 2-amino-5-nitrothiazole were performed and the results are discussed and compared with theoretical data from quantum chemical calculations. The polymorphism of this compound has conformational character, two conformers coexist in CDCl 3 solution and in solid state, as shown by NMR
Introduction
Heterocycles are extensively used in disperse dye chemistry either for textile or non-textile uses.
Non-textile applications of heterocyclic dyes include their use in reprography, functional dye and non-linear optical systems, photodynamic therapy and lasers [1] .
Azo dyes containing heterocyclic rings lead to brighter and often deeper shades than their carboxylic analogues [2] and they are still very important for applications such as disperse dyes for polyester fibres [3] .
When the synthesis of this type of dye was accomplished [4] , it was found that some of them, namely compound (1) (figure 1) showed two sets of proton resonances in deuteriochloroform solutions, even after repeated purification. These two independent proton resonances seem to indicate the presence of two forms (two conformers, A and B) of (1) . The presence of both forms is not due either to hindered rotation about the amide bond, or a cis-trans isomerization since the latter would need higher energy. Chippendale et al. described polymorphism for Disperse Red 278 (2) (figure 1), which presents broad carbon resonances for C-2 and C-6, in CDCl 3 and CD 2 Cl 2 , due to slow exchange between two conformers [5] . Lyčka published an excellent review on the NMR of azo dyes [6] , where cases of polymorphism and the characterisation of the corresponding polymorphs by NMR were discussed. Chemical shifts (δ) are reported in ppm, coupling constants (J) are in hertz and the internal standard was TMS.
13
C Assignments were made with the aid of 2D gHSQC and gHMBC (delays for one bond and long-range J C/H couplings were optimised for 145 and 7 Hz, respectively) experiments.
HSQC spectra give 1 J C/H correlations while HMBC spectra allowed the establishment of connectivities between coupled proton and carbons two to three bonds a way from each other.
C CP-MAS NMR spectra were recorded at 100.62 MHz on a Bruker Avance 400 spectrometer with the following conditions: 5 s of recycle delay, 1.5 ms of time contact, 90º pulse of 5 µs and AQ of 33.8 ms. In the dipolar dephasing experiment a contact time of 50 µs was used.
Quantum Chemical calculations
The structures were firstly optimized using the semi-empirical PM3 method, based on the AMPAC 6.56PC software [7] . The structures were then refined using a DFT method (B3LYP/6-31G**), aiming a better description of the electronic structure [8] . The Berny analytical gradient was used in this optimisation. The requested convergence limit on RMS density matrix was 1 x 10 -8 and the threshold values for the maximum force and the maximum displacement were 0.000450 and 0.001800 a.u., respectively. The results were viewed using Gaussview (03W) [9] . From the refined structures, the geometric and thermodynamic parameters for both forms, for the isolated (AMPAC) and solvated (Hyperchem) [10] 
For solvated species, ∆ o G r was estimated considering that both species possess the same In the conversion from A to B, significative changes are observed in the charge over the atoms. The analysis of these variations indicates that the A→B conversion induces a considerable displacement of the electronic density towards the region in which the intramolecular hydrogen bonding occurs.
Results and Discussion
The bonds over the molecule are significantly shortened when compared with typical bond lengths ( Table 1) , and the considerable planarity ( Table 2) , are additional evidences of electron delocalisation over almost the whole molecule. The electronic coupling between N(24) and the aromatic ring implies in the participation of the non-bonding p-orbital of nitrogen in the π system of the aromatic ring, and gives to the nitrogen a partial sp 2 character. This characterizes an intramolecular charge-transfer state [13] . The formation of intramolecular hydrogen bonding will favour the existence of the B form. [14] . Despite this small value, it is coherent with the expected, considering that with the solvation and consequent solutesolvent interactions, this bond length tends to become larger. In fact, this was observed in the simulations: the values calculated for the solvated molecule were 2.42, 2.03 and 2.26 Å, respectively in chloroform, dimethylsulfoxide (DMSO) and methanol. For the solvated molecules, some loss of planarity is observed, due to solute-solvent interactions ( Table 2) . However, considering the calculated lengths for hydrogen bond, this is not sufficient to affect its stability. The parameters for the solvated molecules were calculated using the PM3 semi-empirical method. a DFT B3LYP/6-31G* ppm; the latter value was assigned to a form where the NH proton was involved in an intramolecular hydrogen bond.
NMR analysis
The distance between N(11) and H(22) (Figure 2 ), equal to 2.11 Å, suggests that the NH in conformer A may also be involved in an intramolecular hydrogen bonding. If this occurs the bond should be weaker since a 5-membered ring is formed.
When the 1 H NMR spectrum was acquired on DMSO-d 6 at temperatures above 323 K only one set of signals is observed, which presumably means that only one of the conformers is present or the interchange between them is much faster than the NMR time scale. The signal corresponding to NH is broad and with an intermediate resonance value of δ 10.43 ppm (Figure 4 ). The assignment of proton and carbon resonances of both conformers started by the connectivities found in the HMBC spectrum of (1) ( Table 3 ). The NH resonance of the B conformer (δ 12.65 ppm) showed correlations with the carbon resonances of C-1, C-3 and CON and then the analysis of the HSQC spectrum allowed the assignment of H-3 8.32 (d, J 2.7). In the HMBC spectrum H-3 of this conformer showed correlations with C-1, C-2 and C-5, which allowed the assignment of H-5 (HSQC spectrum). Also in the HMBC spectrum, H-5 presents correlations with C-1 and C-3 while H-6 correlates with C-4 and C-2; the latter was already assigned and allowed the unequivocal assignment of this proton resonance to the B conformer.
The assignments of all proton and carbon resonances of the A conformer were made in the same way, but starting from the corresponding NH resonance (δ 9.09 ppm).
In order to confirm the NMR data of both A and B conformers of compound (1) in solution, a solid state 13 C NMR spectrum of this sample was acquired. The analysis of the CP-MAS NMR spectrum confirms the presence of two conformers and the carbon resonances obtained in this spectrum fits quite well with those of the solution spectrum ( Table 3 ). The assignment of the non-protonated carbons (i.e., with no directly bound hydrogens) was confirmed by the dipolar dephasing experiment. 
4.2.Energetics
The energy barrier calculated for the interconversion is low in both directions. The analysis of thermodynamic data (Table 4; Figure 5 ) shows that the conversion from B to A is the preferential process. The activation energy (21.84 kJ/mol), calculated for A→B conversion of the isolated molecule, from the thermodynamic data, must be at least two times higher than the opposite conversion (10.79 kJ/mol). This last value is of the expected magnitude of the energy released during the formation of hydrogen bonding [14, 15] . These values must suffer changes due to solvation, mainly considering protic and viscous solvents, in which is expected an additional stabilisation of the B form. It is evident that the conversion needs very small energy amount to occur, which explains why the interconversion is verified even at low temperatures, as experimentally observed. An estimate of the minimal energy needed for the B↔A conversions shows that they are at the level of rotational transitions (microwave region), being that B→A conversion occurs at a frequency near 3 x 10 13 Hz, and the opposite at 5 x 10 13 Hz. Based on these frequencies an estimate of the B/A ratio could be obtained, being 40:60, which agrees well with the experimental data. The magnitude of A-factor is also another evidence of the effectiveness of these conversions even at extremely low temperatures. The calculated value for the conversion occurring at 298 K is equal to 4.6 x 10 13 s -1 , a typical value found in cis-trans isomerizations [16] . Even at low temperatures, as for example 218 K, in which some NMR measurements were done, the A-factor practically did not change (3.4 x 10 13 s -1 ). This result shows that the entropy variation between the transition state and A or B forms must be null or very near zero. This is an interesting aspect, which
shows that these conversions do not need positive changes in the activation entropy to occur. This result agrees with the data calculated using a semi-empirical method (Table 4) . Additionally, the rate constant for the B→A conversion, is equal to 5. Differently, for the solvated form in DMSO, the value is 41% higher, indicating that the B form is being benefited by the formation of intramolecular hydrogen bonding. Additionally, as solvent viscosity exerts an important role on conformational changes of molecules, mainly if the solvent is highly viscous [17] [18] [19] , it is expected that this conversion be more affected by the viscosity of DMSO than of methanol or chloroform, since that it is considerably higher (1.987 cp, whereas for methanol and chloroform are respectively 0.544 and 0.537 cp, at 298 K [20] ), which explains the increase in the energy barrier.
Conclusions
The azo dye which is described in this paper exists in two forms, A and B, interchangeable by rotation around the (N=N)-phenyl bond. At room temperature they coexist in 1:1 ratio but at 218 K the major form is A (55:45), which is in agreement with our theoretical results (60:40).
The theoretical data show that the A form is the more stable and low activation energy must be expected for B→A conversion. The analysis of the calculated A-factors indicates that the conversion occurs as a cis-trans isomerization, and that it does not need positive changes in the activation entropy to occur.
The simulations in solution indicate that the B form is favoured by the solvation in DMSO, due to the formation of intermolecular hydrogen bonding. It is also expected an effect due to solvent viscosity on the conversion.
Additionally, the results suggest that at higher temperatures in DMSO-d6 solution the only form which is observed may be attributed to the B conformer.
